Composites based on fumed silica with surface hydrophobic groups were synthesized by chemical substitution of silanol groups' proton for trimethylsilyl (TMS) groups, adsorption of poly(dimethylsiloxane) (PDMS) and combined chemical-adsorption methods. Microcalorimetry measurements and values of the wetting contact angle with water (Θ) were obtained to investigate the hydrophobic properties of prepared materials. The hydrophilicity indexes (K h ) were determined from the relationship of heat of immersion in water Q w to non-polar decane Q d . The Θ and Q w demonstrated changes with increase of modification degree (d m ) for composites containing a monolayer of PDMS. All samples with excess of PDMS had high Θ (>110°) and relatively low Q w and K h . Composites modified with TMS groups demonstrated hydrophobic properties in accordance with K h at d m 0.7, whereas Θ > 90° is observed only for those samples with d m = 1.0. The different methods of synthesis may be applied based on the morphological characteristics and hydrophobicity of the samples.
INTRODUCTION
Increased interest in studies on highly dispersed hydrophobic materials is observed due to their wide application for creation of self-cleaning hydrophobic coatings (Gaoa and Hea 2013), chemical separation of polar and non-polar substances, adsorption of organic contaminants, removal of oil from the water surface (Franco et al. 2014) as well as their use as thickeners and fillers for non-polar media (Macia-Agullo et al. 1995) . Hydrophobic materials for these applications also must have high specific surface areas, controlled characteristics of surface hydrophobicity, high thickening efficiency and the ability to disperse in the liquid media. To evaluate surface hydrophobicity, several methods are used; however, they all have their own advantages and limitations. The most common is a method of measuring the wetting contact angle with water Θ (Dyachenko et al. 2004; Somasundaran 2006; Tarasevich et al. 2002) . Usually materials are considered hydrophobic if their Θ exceeds 90 degrees. Numerous experimental data show that Θ is determined not only by the nature of the surface functional groups, but also to a great extent by surface texture. Therefore, when determining the hydrophobicity of powder materials, the morphology of the material will have a major influence, as this affects the measuring contact angle. For this reason, the optimal method for evaluating the hydrophobicity of powder materials is the calorimetric technique of determining the heat of immersion (Dyachenko et al. 2004; Somasundaran 2006) . The method of measuring heat of immersion allows to evaluate the activity of the interaction of surface of powdered materials with different wetting liquids, which usually are water and some non-polar liquids (e.g. decane). In this case, the texture of the surface layer is not so essential, and the heat of wetting depends on the nature of the surface and the specific surface area. Using the hydrophilicity index for the evaluation of hydrophobicity of highly dispersed materials allows to neutralize the effect of the surface area. When measuring the immersion heat, the contact of only two phases (solid and liquid) takes place, whereas when measuring Θ, all three phases (solid, liquid and air) are in contact.
The aim of this work was to obtain powdered materials with controlled pre-determined degree of hydrophobicity using chemical, adsorption and combined chemical-adsorption methods and to provide the most complete characterization of their hydrophobic properties.
EXPERIMENTAL SECTION
Chemical modification of initial fumed silica (pilot plant of Chuiko Institute of Surface Chemistry, Kalush, Ukraine) was carried out by the liquid-phase method using hexamethyldisilazane (HMDS, Fluka) as the modifying agent. Hexane (chemically pure) was used as a solvent. HMDS adsorption on silica surface was carried out at room temperature using its hexane solution, and then, after drying and removal of hexane, the samples were heated to 400-420 K for 6 hours, to allow them to react. The degree of modification (d m ) of silica surface with trimethylsilyl (TMS) groups was regulated by varying the concentration of HMDS in hexane. Values of d m were determined from the integrated intensity of the band at 2968 cm −1 (I 2968 ) in the infrared (IR) spectra using the formula d m = I x /I max , where I x and I max are integrated analytical density peak at 2968 cm −1 for the considered sample and for the sample with the highest grafting CH 3 groups (Table 1, Si1-Si8 series). The maximum value of d m was taken as 1.0.
Adsorption modification of fumed silica A-300 and Si1-Si8 samples were carried out from hexane solutions with calculated concentrations of poly(dimethylsiloxane) (PDMS-1000; molecular weight 7960, degree of polymerization 105; Kremniypolymer, Zaporozhye, Ukraine). Before the adsorption of PDMS, all samples were dried at 383 K for 1 hour and then the solution of PDMS in hexane was added and stirred. The suspension was dried at room temperature for 24 hours and then at 353 K for 3 hours. The amounts of adsorbed polymer (C PDMS ) were 10 and 40 wt.% of the total weight of the samples in the case of combined chemical-adsorption modification.
The specific surface area (S Ar ) was calculated using adsorption of argon (from an Ar/He mixture) at 77.2 K with a LKHM-72 chromatograph. The IR spectra of samples pressed in pellets (28 8 mm, about 25 mg) were recorded over the 4000-200 cm −1 range in air using a SPECORD M-80 (Carl Zeiss) spectrophotometer.
Contact angles (Θ) of water drops (6 ± 0.l ml) put on pressed (180 bars for 15 min) plates of samples were measured using a GBX (France) contact angle meter equipped with a closed and humidity-controlled measuring chamber and a digital camera. The measurements were carried out at 293 K and 50% relative humidity. The contact angles were evaluated for both sides of the sample plate using the Win Drop++ program. To obtain the averaged Θ values, the measurements were performed for 10 water droplets put on each sample.
A microcalorimetric study of initial and modified silicas was carried out using a DAC1.1A (Chernogolovka, Russia) differential automatic calorimeter. Before obtaining the measurements of the heat of immersion in polar (Q w ) or non-polar (Q d ) liquids, initial and modified silica samples were degassed at 403 K and 0.01 Pa for 2 hours and then used without contact with air. The amount of sample used was 100 ± 5 mg/3 ml of wetting liquid. To obtain the averaged Θ values, the measurements were performed two to three times and the average errors were 7% or less. The hydrophilicity index K h = Q w /Q d was calculated, and materials with K h > 1 and K h < 1 were assigned as hydrophilic and hydrophobic, respectively.
RESULTS AND DISCUSSION
The chemical modification resulted in the substitution of the silanol groups' protons of the silica surface for TMS groups, while the interaction of silica surface with PDMS occurs due to the formation of hydrogen bonds between the oxygen of PDMS polymer chain and the hydrogen of silanol groups on the silica surface. Therefore, both chemical and adsorption modifications of SiO 2 lead to the increase of integrated intensity of the band at 2968 cm -1 (I 2968 ) in IR spectrum due to the increased concentration of hydrophobic CH 3 groups in the composites. In the combined synthesis method, the increase of I 2968 [ Figure 1(a) ] is observed due to the additive contribution of TMS and CH 3 groups of PDMS, as shown in Figure 1(b) . The degree of modification of the initial silica with TMS groups after reaction with HMDS was calculated using the values of I 2968 (Table 1) . To evaluate the relationship between the amount of CH 3 groups and the total amount of SiO 2 , the values of I 2968 were normalized to integrated intensity of the band at 1870 cm -1 (I 1870 ), which corresponds to the stretching vibrations of Si-O and correlates with the total amount of silica in the sample. There is an expected increase of the I 2968 /I 1870 ratio with increase in the degree of surface modification with TMS groups and with increasing PDMS content in the composite (Tables 1 and 2) .
The increase in the number of hydrophobic CH 3 groups on the composites surface, as well as a reduction in the concentration of silanol groups in the case of chemical modification or a reduction in their availability in the event of PDMS adsorption will substantially affect the hydrophobic-hydrophilic properties of the composites. An evaluation of the hydrophobic properties of the composites was carried out using the following two methods: (i) by measuring the contact angle of wetting with water and (ii) heat of immersion in polar (water) and non-polar (decane) liquids. Heat of immersion in liquid is determined by the intensity of interaction with polar and non-polar groups as well as the S Ar of the sample. Interaction of water with surface includes both polar and dispersion components, and therefore, Q w depends strongly on the surface nature, whereas the interaction of decane with the surface is limited by dispersion forces, and Q d depends only on the S Ar of the samples. The Q w , Q d and Θ for SiO 2 /PDMS composites obtained by the adsorption method at different C PDMS are shown in Figure 2(a) . According to Θ the samples become hydrophobic (Θ > 90°) at C PDMS 15 wt.%, which corresponds to the disappearance of the band at 3750 cm -1 in the IR spectrum. The value of Q w sharply decreases with increasing C PDMS and is equal to 2-3 J/g for samples with C PDMS > 15 wt.%. Such a reduction of Q w is due to both the changing of surface nature as result of PDMS adsorption and decreasing S Ar of composites (Table 2) , which also leads to a decrease of Q d [Figure 2(a) ].
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O.V. Goncharuk et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 For a series of chemically modified samples, Q w significantly decreases with the increasing d m , whereas Q d slightly decreases [ Figure 2(b) ]. These data are apparently associated with some reductions in the S Ar of the samples as a result of modification (Table 1) . K h takes values less than 1.0 at d m 0.7 (Table 1) . However, the measurement of the Θ for this series of samples [ Figure  2 (b)] shows that the hydrophobic properties are characterized only for samples with complete substitution of the silanol groups' protons for TMS groups. For the samples obtained by the combined method with C PDMS 10 wt.%, the Q w and Q d are slightly lower due to the lower S Ar . However, the tendency to Q w to reduce with increasing d m persists [ Figure 2(c) ]. This behaviour suggests that after adsorption of 10 wt.% PDMS, the surface silanol groups partially remain available for interaction with water. This is corroborated by a relatively low value of Θ (<90°) for the initial sample of silica modified with 10 wt.% PDMS [ Figure 2(c) ]. The Θ increases with the magnification of d m . This increase is due to the change of Q w [Figure 2(c) ]. It is assumed that the surface is hydrophobic if the Θ exceeds 90°. This condition occurs for the samples that have d m more than 0.4. This value correlates with estimation of hydrophobicity from K h , which becomes less than 1.0 when the d m becomes 0.4 or higher [ Figure 2 (c), Table 1 ]. The values of K h for series of samples obtained by the combined synthesis method with C PDMS 10 wt.% are lower than for the initial series of chemically modified samples (Table 1) . For both series, K h values are reduced in accordance with the increasing degree of modification of the initial silica surface with TMS groups. By contrast, for a series of samples containing 40 wt.% PDMS, the values of K h are close to 1.0 and do not depend on the d m . Obviously, this is associated with a significant excess of PDMS in the surface layer and also with a significant reduction of the sample S Ar . For these samples, the Q w and Q d have low values, which slightly decrease with magnification of d m [ Figure  2(d) ]. However, according to the Θ these samples are sufficiently hydrophobic [Figure 2(d) ] and their Θ slightly rises with the increase in the modification degree of the initial silica sample with TMS groups.
CONCLUSION
A comparison of results of evaluation of the surface hydrophobicity by immersion wetting and wetting contact angle measurements for a series of fumed silica modified by chemical, adsorption and combined chemical-adsorption methods, showed an increase in the hydrophobicity of composites with increased content of CH 3 groups on their surface as well as an incomplete correlation between the results obtained by both methods. The changes of Q w and Θ associated with increasing degree of surface modification with CH 3 groups are characterized for all series of samples. However, the difference in the mechanisms of hydrophobization by chemical and adsorption methods leads to some distinctions in the numerical evaluation of the hydrophobicity of the samples. In the case of chemical modification, the substitution of silanol groups' protons for TMS groups occurs and the Q w decreases in proportion to the amount of silanol groups on the surface. These composites are hydrophobic at d m 0.7 according to the K h value, but when Θ > 90°, they are hydrophobic only upon complete substitution of the silanol groups' protons for TMS groups (d m = 1.0). With regard to the adsorption modification, the screening of silanol groups occurs due to their interaction with the polymer, which prevents their interaction with water. The samples obtained by the adsorption method are hydrophobic at C PDMS 15 wt.% and their Θ achieves 115-120°. A major weakness of the adsorption method is a substantial reduction in the specific surface area. Combining chemical and adsorption modification methods of the silica surface allows to achieve the high degrees of hydrophobicity while maintaining a high specific surface area. The hydrophobicity of the composites obtained by the combined method depends on d m only for cases with low PDMS content (10 wt.%).
